Although various types of drugs and therapies are available to treat atherosclerosis, it remains a major cause of mortality throughout the world. Macrophages are the major source of foam cells, which are hallmarks of atherosclerotic lesions. Consequently, the roles of macrophages in the pathophysiology of atherosclerosis are increasingly investigated. Autophagy is a self-protecting cellular catabolic pathway. Since its discovery, autophagy has been found to be associated with a variety of diseases, including cardiovascular diseases, malignant tumors, neurodegenerative diseases, and immune system disorders. Accumulating evidence demonstrates that autophagy plays an important role in inhibiting inflammation and apoptosis, and in promoting efferocytosis and cholesterol efflux. These facts suggest the induction of autophagy may be exploited as a potential strategy for the treatment of atherosclerosis. In this review we mainly discuss the relationship between macrophage autophagy and atherosclerosis and the molecular mechanisms, as well as the recent advances in targeting the process of autophagy to treat atherosclerosis.
Introduction
Atherosclerosis (AS) remains a major cause of mortality in developed and many developing countries, and it causes acute cardiovascular events and chronic damage. Furthermore, it is predicted that by the year 2020, cardiovascular diseases, and particularly AS, will become the leading cause of the total burden of disease in the world. Three classes of cells-macrophages, smooth muscle cells (SMCs) and vascular endothelial cells-are important for the initiation and development of AS. Of these three types of cells, macrophages are being increasingly studied by researchers. It is widely recognized that apoptosis in lesional macrophages, along with their defective function in efferocytosis, promotes plaque necrosis [1] , which leads to plaque instability, thrombosis and, finally, cardiovascular events [2] . Autophagy (literally meaning "to eat oneself") is a self-protecting process. It has already been shown that macrophage autophagy plays a protective role in AS and that it functions as a promoter of cholesterol efflux. This provides us with a new therapeutic direction for treating AS [3, 4] . This review will mainly discuss the relationship between macrophage autophagy and atherosclerosis, possible mechanisms, and recent advances in targeting autophagy to treat atherosclerosis.
Macrophages and atherosclerosis
Macrophages play an important role in AS. During the formation of atherosclerotic plaques, circulating monocytes move into the subendothelium of vessel walls and convert into macrophages, which subsequently turn into foam cells after engulfing oxygenized low density lipoproteins (oxLDL) or other modified lipoproteins [5] . Foam cells are hallmarks of atherosclerotic lesions [6] . The development of atherosclerotic plaques is classified into four stages: fatty streak, atheromatous plaque, complicated atheromatous plaque and clinical complications in clinical pathology; of these, complicated atheromatous plaque, which features the accumulation of foam cells and a thin fabric cap, has been generally acknowledged as referring to unstable plaques. Ruptures of these plaques are viewed as the main cause of acute cardiovascular events. It has been shown that macrophages aggravate the instability of plaques by secreting many types of inflammatory factors and matrix catabolic enzymes and inducing the death of SMCs [5] . These inflammatory factors, eg, IL-1, IL-6, IL-12, and tumor necrosis factor, can lead to further inflammatory reactions in www.chinaphar.com Shao BZ et al Acta Pharmacologica Sinica npg atherosclerotic plaques [7] . The matrix catabolic enzymes delivered by macrophages, which include nonspecific esterase, lysosomal hydrolase and ectoenzyme [8] , enhance the instability of plaques by damaging the collagen of the fabric cap.
The accumulation of monocyte-derived macrophages is regarded as a crucial step in the formation and development of atherosclerotic plaques, and the extent of monocyte accumulation is enhanced along with the progression of plaques [9] . This accumulation also contributes to the reduction of the engrafting function of macrophages in plaques [10] while worsening the efferocytosis of lesional macrophages as a result of macrophage apoptosis. This, in turn, leads to secondary necrosis and the amplification of plaque inflammation [11] . In addition to the damaging role of lesional inflammatory reactions, the inhibition of autophagy in macrophages is increasingly being considered to be the main cause of macrophage apoptosis, the mechanisms of which will be discussed in the following sections.
Autophagy and its major signaling pathways
Autophagy is a self-protecting cellular catabolic pathway that relies on lysosomes. Some long-lived proteins, damaged organelles and misfolded proteins are degraded and recycled through the autophagy process [12] . According to differences in physiological functions and patterns of delivery to the lysosomal lumen, three forms of autophagy has been described: macroautophagy, microautophagy and chaperone-mediated autophagy [13] . Because macroautophagy has so far been the most extensively studied of the three forms of autophagy, our review will focus on the mechanisms and effects of macroautophagy (hereafter referred to as "autophagy"). As mentioned above, autophagy is a self-guarding function that promotes cellular survival. Some researchers have, however, identified a connection between autophagy and cellular death, which has been called "autophagic cellular death" [14] . A great deal of evidence supports the idea that autophagy is closely related to the initiation and development of many diseases, including malignant tumors, neurodegenerative diseases, cardiovascular disorders and immunological diseases [15] [16] [17] [18] . Autophagy is mainly performed in two steps (Figure 1 ), as follows. First, following the formation of a cup-shaped phagophore with lipid bilayer membranes, cells are stimulated to form intracellular, spherical double-membraned autophagosomes that enclose misfolded proteins or damaged organelles. Subsequently, autophagosomes dispose of "coat proteins (LC3-II)" on their surface and integrate with lysosomes to Figure 1 . Schematic illustration of the autophagy process in macrophages and recent advances in targeting autophagy for atherosclerotic treatments. Under conditions including nutrient insufficiency, hunger or increased ROS, cup-shaped phagophores with bilayer lipid membranes are formed that are composed of various types of Atgs. Spherical double-membrane autophagosomes subsequently form. On integration with lysosomes, autophagosomes turn into autolysosomes, which function in degradation. Two major signaling pathways regulate this process: an inductive pathway that involves Class-III PI3K-Beclin1 signaling and an inhibitory pathway that involves Class I PI3K-mTOR signaling. Several autophagy inducers are effective at positively intervening in autophagy. Of these, everolimus, resveratrol and berberine inhibit the autophagy suppressor mTOR, and berberine also activates AMPK. The overexpression of β-arrestin-1 and the activation of CB2R are thought to increase the expression of Beclin1 and LC3, contributing to the initiation of autophagy.
www.nature.com/aps Shao BZ et al Acta Pharmacologica Sinica npg form single lipid layer membrane-encased autolysosomes, which have digesting functions and play a role in degradation. Throughout this process, more than 30 types of Atgs (autophagy-related genes) and autophagy-related proteins have a vital impact on the formation of autophagosomes and their fusion with lysosomes. Of these, LC3-II and double-membrane autophagosomes are widely regarded as significant markers that can be used to detect the initiation of autophagy and its extension, and they have been extensively used in autophagyrelated fundamental studies [19] . So far, two major autophagy signaling pathways have been illustrated [20, 21] : an inhibitory pathway, which involves Class I PI3K-mTOR signaling, and an inductive pathway, which involves Class-III PI3K-Beclin1 signaling. In the presence of rich nutrients, growth factors , or insulin interacting with related membrane receptors, Class I PI3K is induced to stimulate the activation of mammalian target of rapamycin (mTOR) and the mTOR complex 1 (mTORC1) via Akt pathway. This, in turn, inhibits Atg1 (ULK1), the first and initiating protein of the autophagy pathway, which prevents autophagosome formation. In a situation characterized by nutrient insufficiency and reactive oxygen species (ROS) stimulation, the Class III PI3K-Beclin1 complex is triggered, which promotes the assembly of the Atg12-Atg5-Atg16L complex and Atg8/LC3. This subsequently stimulates autophagosome formation and induces the autophagy process.
Furthermore, there is evidence that IP 3 R-mediated Ca
2+
signaling is an indispensable part of the mTORC1-regulated pathway. Although an autophagy-inhibiting role for intracellular Ca 2+ has been reported [22] , it has been demonstrated that under starvation conditions or exposure to rapamycin, an mTORC1 inhibitor, the endoplasmic reticulum (ER) accumulates large amount of Ca 2+ and promotes the release of Ca 2+ through IP 3 Rs, which consequently results in the induction of autophagy [23] .
Effects of macrophage autophagy on apoptosis, inflammation and aggregation
Many researchers have now reached a common consensus that in AS, autophagy, under basal conditions, plays an important role in safeguarding cells against oxidative stress, reducing cell apoptosis and enhancing lesional stability [24] . Maatinet et al [25] showed that 7-ketocholesterol (7-KC), an autophagy inducer, was able to effectively reduce cell death in SMCs, which, as a result, promoted plaque stability. Conversely, excessively induced autophagy may lead to "autophagic cellular death" in SMCs and vascular endothelial cells, driving the low-level synthesis of collagen and the thickening of the fabric cap, which lead to an increased risk of AS-related acute cardiovascular events [26] . Although in atherosclerotic plaques, autophagy plays important roles in SMCs, vascular endothelial cells and macrophages, autophagy in macrophages is now drawing an increasing amount of attention.
Two brilliant articles published in Cell Metabolism in April, 2012 provided us with a better overall picture of the functions of autophagy. Liao et al [1] noted that autophagy prevented lesional macrophage apoptosis and defective efferocytosis and that autophagy deficiency enhanced the total necrotic area in advanced atherosclerotic plaques and the damage caused by oxidative stress in experiments using ldl -/-mice. Razani et [3] provided evidence that autophagy became dysfunctional in AS and that autophagy deficiency, to some extent, led to inflammasome hyperactivation, which further promoted AS progression. The authors of these two articles used LC3/Atg8, p62/SQSTM1 and the double-membrane autophagosomes as autophagy markers. Of these, p62/SQSTM1 is known to be an autophagy degrading substrate, and its accumulation indicates autophagy flux deficiency. Moreover, Liao et al showed that a western diet (WD) increased p62/SQSTM1, contrary to the relative reduction observed in its mRNA expression, further demonstrating the relationship between p62/SQSTM1 accumulation and autophagy flux deficiency. In addition, they noted that the underlying mechanism involving autophagy in atherosclerosis might include the enhancement of apoptosis and NADPH oxidize-mediated oxidative stress in macrophages.
In the last few years, it has been widely acknowledged that the mass aggregation of macrophages and the formation of lipid cores in atherosclerotic plaques are crucial to plaque stability, and they are also regarded as important factors when evaluating the extent and severity of vulnerable plaques in AS [27] . Plaques featuring a thick fabric cap are abundant in smooth muscle are considered to be relatively stable and to result in fewer plaque ruptures and acute cardiovascular events. Autophagy has far-reaching functions that protect plaque stability. It has already been shown that selectively inhibiting the PI3K/Akt/mTOR pathway in cells can effectively induce autophagy, which successfully reduces macrophage aggregation in atherosclerotic plaques and promotes plaque stability by protecting cells and reducing the secretion of inflammatory factors [28] . Furthermore, autophagy may function as an inhibitor of apoptosis by decreasing the activation and formation of inflammasomes [29] .
Effects of macrophage autophagy on cholesterol efflux
Macrophage reverse cholesterol transport (RCT) refers to the efflux of cholesterol from macrophages, using apoA-I or HDL as a carrier, to the liver to be cleared along with bile, ultimately as feces [30] . Cholesterol efflux from macrophages is therefore the first and primary step of the RCT process [31] . Because macrophages are the main source of foam cells, it is vital to enhance macrophage cholesterol efflux during AS treatment. Three types of carriers for cholesterol efflux have so far been identified, ABCA1, ABCG1 and SR-B1. ABCA1 mainly presents to apoA-I, while ABCG1 and SR-B1 present to mature HDL [32] . Recently, Fu et al [33] found that ABCA12 deficiency increased ABCA1 degradation, added to the accumulation of cholesterol in macrophages and the formation of foam cells and damaged the process of macrophage RCT, which resulted in the promotion of AS progression. They demonstrated that ABCA12 regulates ABCA1-dependent cholesterol efflux from macrophages. Enhancing the process of cholesterol efflux from macrophages effectively reduces the formation of macrophage-derived foam cells, which contributes to plaque stability.
For quite a long time, lipid droplets (LDs) were widely regarded as simple fat-storing compartments. However, with the increase in our knowledge of LDs, we have found that they tend to be dynamic organelles and we have gained much more respect for the significance of the roles they play in cholesterol efflux [6] . There is evidence that when cells fail to uptake excess free cholesterol, it is esterified to nontoxic esters (CEs) and then stored in LDs [34] . It has already been shown that polar lipids in the monolayer, including sterols and phospholipids, constitute the membrane of LDs, which has a core of neutral lipids, such as CEs, sterol esters and triacylglycerols. It has been discovered that several types of proteins are involved in decorating the surface of LDs, including adipophilin, perilipin, TIP47, and DGAT2, which act mainly as markers for detecting LDs in research studies [34] . As a result, exploring ways to enhance the process of cholesterol efflux from LDs in lesional macrophages has now become the focus of the treatments for AS.
According to a small number of recent studies, autophagy plays an important role in macrophage cholesterol efflux from LDs. This special type of selective autophagy is referred to as "lipophagy" [35] . Its major mechanism occurs after the fusion of autophagosomes and lysosomes when CEs in LDs are hydrolyzed by specific enzymes into free cholesterols, which can transfer through the cell membrane and then be carried by apoA-I or HDL in back to the liver [36, 37] . Quimet et al [38] suggested that autophagy regulates cholesterol efflux from macrophage foam cells via lysosomal acid lipase (LAL). They demonstrated that LDs were delivered to lysosomes by "lipophagy" in macrophages and that CEs in LDs were hydrolyzed via LAL in lysosomes. Finally, an ABCA1-dependent pathway mediates cholesterol efflux from macrophage foam cells. Furthermore, Guezennec et al [39] demonstrated the Wip1-dependent regulation of autophagy and cholesterol efflux in atherosclerotic lesional macrophages. They indicated that mice deficient in Wip1 phosphatase, a negative regulator of Atm-dependent signaling, inhibited fat accumulation and the conversion of macrophages into foam cells, thus preventing AS through the Atm-mTOR signaling pathway and Wip1-dependent selective autophagy. These data revealed the positive role played by autophagy in macrophage cholesterol efflux.
Pharmacological intervention of autophagy in the treatment of AS
Numerous fundamental and clinical studies have been conducted to target the process of autophagy to treat AS. Based on these studies, several autophagy inducers have been demonstrated to be effective for the alleviation of AS severity in animal models, and some of them have also been reported to be effective and promising therapies for AS treatment in clinical studies (Figure 1) .
It has been reported that mTOR inhibitors have therapeutic significance in many types of malignant tumors, including breast cancer [40] and renal cell carcinoma [41] , etc. One of the mTOR inhibitors, everolimus, is among the most studied and best-known autophagy inducers. Researchers have found www.nature.com/aps Shao BZ et al Acta Pharmacologica Sinica npg that in subjects with neurodegenerative diseases, everolimus enhanced the clearance of toxic substances by inhibiting mTOR and inducing autophagy [42] . Because it has an autophagy-inducing effect, its role in treatments for AS has been widely studied and reported. There is evidence that everolimus promotes plaque stability, and stent-based secretion of everolimus promotes the formation of a stable plaque phenotype [43] . It was also recently reported by Holdaas and colleagues [44] that coronary artery intimal thickening and the incidence of cardiac allograft vasculopathy were significantly reduced by everolimus therapy. In combination with other clinical studies [45] [46] [47] , it has been shown that everolimus-eluting stents are the optimal choice for preventing vascular restenosis and the occurrence of cardiac allograft vasculopathy (CAV) after heart transplant or other cardiac surgeries.
Resveratrol is another extensively used autophagy inducer that acts mainly by inhibiting mTOR [48] . It is a plant-derived polyphenolic substance that has mainly been found to be abundant in grapes, peanuts and red wine [49, 50] . Because of its traditionally recognized anti-oxidative and anti-inflammatory properties, this compound plays a protective role against various types of diseases, including cardiovascular diseases, malignancies, renal diseases, type II diabetes, infections and some neurological disorders [51] [52] [53] . Resveratrol has also been shown to play an important role in anti-atherosclerosis and vasorelaxation by inducing autophagy [48] . For example, Liu and colleagues [54] demonstrated that the application of resveratrol facilitated the efferocytosis of oxLDL-induced apoptotic cells in RAW264.7 cells by activating Sirt1-mediated autophagy, which demonstrated a protective role for resveratrol in AS in vitro and indicated that the activation of Sirt1-mediated autophagy by resveratrol might serve as a novel therapy for the treatment of AS. Resveratrol was also reported to have immunomodulatory effects on lesional macrophages by counteracting inflammation in human M1 and M2 macrophages upon challenge with certain types of cholesterol [55] . In addition, resveratrol supplementation at 3 mg·kg -1 ·d -1 in a hypercholesterolemic rabbit model led to a reduction of atherosclerotic plaque size and density as well as a decrease in the initial layer thickness, which demonstrated that resveratrol had a potential therapeutic effect on AS [56, 57] . However, researchers have noted that resveratrol does not add to the antiatherogenic effect of atorvastatin when these drugs are used together [58] . Hence, when resveratrol is applied in combination with other lipid-reducing drugs, their respective pharmacological functions should be fully examined.
Other autophagy inducers have been reported with properties that alleviate or treat AS. For example, berberine, which is extracted from Coptis, has been shown to be a promising and potential therapy for the treatment of various types of diseases because of its diverse pharmacological characteristics, which include anti-microbial, anti-diabetic, anti-hyperlipidemic, anti-inflammatory and anti-oxidant properties [59] [60] [61] . Its protective effect against AS was recently discussed by Fan and colleagues [59] , who demonstrated that berberine treatment inhibited inflammatory reactions in J774A.1 cells by the induction of the autophagy process, which was mediated through the activation of the AMPK/mTOR signaling pathway. These data provide new insight into berberine's molecular mechanisms, its relationship with autophagy and its therapeutic potential for the treatment of AS.
Moreover, our lab has conducted several studies to explore autophagy inducers and their respective roles in diseases [18, 62, 63] . For example, β-arrestins, which are traditionally recognized as modulators of the desensitization and inactivation of G protein-coupled receptors (GPCRs), have recently been reported to take part in many signaling pathways, independent of G proteins, as scaffold proteins, and this is increasingly being studied [64] . A previous study in our lab indicated that β-arrestin-1, but not β-arrestin-2, induced Beclin1-dependent autophagy in neurons, which revealed a neuroprotective role for β-arrestin-1 in cerebral ischemia. In addition, Kim and colleagues [65] demonstrated that knockout of β-arrestin-1 in mice significantly enhanced the progression and severity of AS because the mice lacked β-arrestin-1 and therefore its function, which is to reduce neointimal hyperplasia in SMCs. These data indicated that β-arrestin-1 played a protective role in alleviating AS. Based on the consistency of reports on its positive roles, we have reason to believe that macrophage β-arrestin-1 may also significantly contribute to protection against and alleviation of AS. Another type of promising autophagy inducer that is currently being studied in our lab is cannabinoid receptor 2 (CB2R) agonists. We have demonstrated that selectively activating CB2R induces the autophagy process, which in turn inhibits NLRP3 inflammasome initiation and activation in mouse microglia, contributing to the alleviation of experimental autoimmune encephalomyelitis (EAE) [18] . In combination with the already recognized protective effects of CB2R in AS [66] [67] [68] , CB2R agonists are another group of autophagy-related factors that are likely to be useful for the treatment of AS.
Summary
Macrophages play an important role in the initiation and progression of AS. The accumulation of macrophages promotes plaque development and instability [69] . Lesional macrophage apoptosis and defective efferocytosis also participate in AS progression. In the presence of stimulation by oxidative stress or modified LDL (eg, oxLDL), autophagy is induced in macrophages and acts as a cellular safeguard by clearing damaged organelles and misfolded proteins, protecting cells from apoptosis, preserving macrophage efferocytosis and enhancing cholesterol efflux from macrophage-derived foam cells during different steps of AS (Figure 2 ). Although the protective mechanisms involved in macrophage autophagy in AS are gradually being revealed, there are still gaps in our knowledge, and many mechanisms are waiting to be explored. Furthermore, despite the development and utility of various autophagy inducers that can be used to treat AS, their best adaptive doses and possible side effects remain to be fully described, and more autophagy inducers that target lesional macrophages require further development and validation.
